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MinireviewCircadian Clocks:
Running on Redox
cellular molecular clock mechanism in the mouse fore-
brain (Reick et al., 2001; see Figure 2). In this case,
one of the positive activators in the SCN clock, called
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Clock (CLK), is replaced by an analogous protein,D-80336 Munich
NPAS2 (also called MOP4). Like CLK, it heterodimerizesGermany
with BMAL1 (also called MOP3) to drive transcription of
a collection of downstream effectors, including mper1,
mper2, and mcry1. Further experiments demonstrateAndre Gide wrote: “If I were not there to make them
that, like in the feedback loop where CLK and BMAL1acquainted, my morning’s self would not recognize my
are the positive activators, CRY negatively feeds backevening’s.” Gide’s words describe a phenomenon that
on NPAS2:BMAL1-dependent transcription. This molec-is built upon literally thousands of physiological and
ular loop is evidence of the circadian clock in thesebiochemical parameters which systematically change
neurons, located in the forebrain, distinct from the mas-over the course of a day. The changes, which even
ter pacemaker in the SCN. Given the many clock-con-continue with a period of about a day (circadian) in
trolled neurobehavioral parameters, this molecular de-constant conditions, are controlled by a biological clock
scription may help to understand how the circadianwhich evolved as an adaptation to a cycling, 24 hr envi-
clock modulates finger-tapping speed, grip strength,ronment. In mammals, the pacemaker of circadian
time estimation, or even mood in humans (Aschoff andrhythms resides in the hypothalamic suprachiasmatic
Wever, 1981), behaviors processed in this region of thenucleus (SCN), and therein, by the coupled oscillation
brain. The physiology of mouse rhythms needs to catchgenerated by its individual cells. It is generally accepted
up to the advanced mouse genetics, however, as there
that most cells (not just SCN neurons) have a circadian
is relatively little known in mice at this time regarding
machinery; thus, there are numerous peripheral oscilla-
circadian physiology, aside from motor activity. We do
tors (liver, muscle, lung, and even other parts of the
know that NPAS2 knockout mice are deficient in some
brain). The differences people experience between their
memory tasks (Garcia et al., 2000), and learning and
morning and evening self is based on a circadian physi-
memory are modulated by the circadian system (Wever,
ology that is a hierarchical amalgam of neuronal pace- 1979).
makers and peripheral oscillators. In a companion paper, Rutter et al. (2001) focused on
The issue at hand is the intracellular molecular mecha- one of the genes regulated by the NPAS2 transcription
nism of circadian rhythmicity. In all molecular genetic factor complex: a robustly expressed lactate dehydro-
systems that have been studied to date, a transcription/ genase. Note the logic here: lactate dehydrogenase has
translation feedback loop is integral to circadian rhyth- the potential to generate either NAD or NADH in the
micity. The composition of the loop is almost formulaic reversible conversion between pyruvate and lactate, re-
from the bottom to the top of the phylogenetic tree: at dox-regulated transcription factors regulate a number of
its core is transcription, translation and then negative signaling or developmental pathways, and biochemical
feedback on the initial transcriptive process (Figure 1, feedbacks are common throughout nature. Hence, the
as originally proposed in Hardin et al., 1990). Without it, impact of redox state on transcription factor function of
most circadian properties are lost. Over the last decade, the NPAS2:BMAL1 complex was investigated for feed-
many participants in the feedback loop have been identi- back from its hypothetical output (modulated redox
fied. The current cartoon version looks like a figure eight state). In experiments that are a tutorial for molecular
skated by a two-year-old on fresh ice, and includes biochemistry, it was determined that the presence of
positive activators of transcription, negative effectors, NADH or NADPH promotes binding of the heterodimeric
modulators (e.g., a kinase), and their interdependent transcription factor complex to DNA, while the oxidized
regulation with appropriate time delays to generate a forms NAD or NADP fail to promote, or even inhibit
circa 24 hr cycle (a simplified version is seen in Figure binding. The concentration of cofactor that is effective
2; Shearman et al., 2000; Zheng et al., 2001). is within the physiological range. The suggestion is
A recent theme in this area of research is plasticity that DNA binding activity of both NPAS2:BMAL1 and
in the various molecular clock components. In mice, CLK:BMAL1, the components utilized by the cellular
period1 (mper1) and mper2 have distinct functions, and clock in the SCN, are exquisitely sensitive to the cell’s
while Drosophila PER dimerizes with TIM, in mammals redox state.
PER pairs with Cryptochrome (CRY; Shearman et al., For years, it has been known that, for example in
2000; Zheng et al., 2001). Different organs in the same plants, cellular redox state changes over circadian time
(Wagner et al., 1975). Glucose utilization by the SCN,animal (e.g., peripheral versus central oscillators) use
and other structures in the rodent brain, indicates time-sets of clock components in alternative ways (e.g., Dro-
of-day differences in metabolic rate by these cells (Jaysophila CRY as photoreceptor versus central clock com-
et al., 1985; Schwartz and Gainer, 1977). In humans,ponent; Emery et al., 2000, Krishnan et al., 2001). A new
core body temperature oscillates with an amplitude ofvariation on this theme comes with the description of a
about 1C per day (Aschoff and Wever, 1981), indicative
of gross changes in metabolic rate. Until recently, how-
ever, these and other examples were interpreted pre-1 Correspondence: martha@imp.med.uni-muenchen.de
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Figure 1. The Concept of the Loop
The transcription/translation feedback loop originally described the
transcription of RNA from a clock gene, translation of the protein,
Figure 3. Extending the Loopand subsequent negative feedback on transcription. Though tran-
Cellular redox state is proposed to modulate NPAS2:BMAL1 activityscriptional feedbacks are ubiquitous in nature, the one for clock
by controlling DNA binding, and NAD/NADH ratio is also an output.genes is special due to its precise temporal kinetics in the circadian
In model proposed by Rutter et al., redox is capable of synchronizingrange.
both the cellular clocks in the forebrain as well as in the SCN.
dominantly as downstream outputs of a central circa-
pacemaker, the SCN, is not entrained by the feedingdian mechanism. This was a reasonable assumption,
regime (Honma et al., 1983). Preliminary investigationssince cellular circadian clocks run with almost the same
indicate that this “masking” could be mediated by mo-speed, regardless of differences in metabolic rate (e.g.,
lecular phase shifting in non-SCN regions of the braindue to temperature or nutrition). Given these built-in
(Rutter et al., 2001). Peripheral oscillators (e.g., lung,compensation mechanisms, the role of metabolism in
liver, muscle) are entrained by the feeding schedule, asthe clock mechanism has been difficult to investigate.
indicated by the appropriate phase shifts in the rhythmicBut “immunity” to different constant levels does not
expression of their molecular clock components (Dami-prevent the system from responding to changes over
ola et al., 2000; Stokkan et al., 2001).time; i.e., acute changes in temperature, light, or other
In vitro experiments indicate that clock gene expres-signals can reset circadian rhythms. This constitutes an
sion in the SCN could also be affected by redox state,essential property of circadian clocks and is the basis
although the SCN is entrained by light. The McKnightof entrainment (see input pathways in all figures). In
team speculates that entrainment of the SCN cellularconstant conditions, the period is only approximately
clock occurs following a multistep cascade: the light24 hr, so circadian clocks must be synchronized or en-
signal reaches SCN cells via glutaminergic synapses,trained with the external world, whether the synchroniz-
enhances astrocyte glycolysis and hence, increases lac-ing signal is endogenous or exogenous. Rutter et al.
tate availability. The experimentally testable suggestiondiscuss redox as a possible input signal involved in
is that redox state is a general regulatory mechanismentraining the forebrain clock, for example, by sched-
of circadian transcription/translation feedback loops.uled food intake (Figure 3). Restricted feeding does in-
Redox control of clock components could be extended,deed reschedule locomotor activity. However, release
given that another clock component, CRY, uses FAD asof animals to ad libitum feeding shows that the central
a cofactor, though its transcriptional regulation based
Figure 2. Filling in the Components of the Loop
Figure 4. Integrating the LoopThe transcription/translation feedback loop in the mouse utilizes
either the CLK:BMAL1 heterodimer in the SCN, or NPAS2:BMAL1 Metabolism is integral to the clock mechanism. Redox state of a
cell modulates the transcription/translation feedback loop, whichin the forebrain, as activators, and CRY as a negative element. The
positive and negative actions, coupled with time delays, are believed regulates metabolism, thus, creating an interwoven web of feed-
backs generating circadian timing.to be the basis of circadian molecular oscillations.
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cells, either), forming yet another feedback loop. So an
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alternative view would incorporate redox regulation into 293, 510–514.
the clock mechanism (Figure 4). In the absence of exter-
Schwartz, W.J., and Gainer, H. (1977). Science 97, 89–109.
nal time cues, this feedback could be essential for rhyth-
Shearman, L.P., Sriram, S., Weaver, D.R., Maywood, E.S., Chaves,
micity to continue. Theoretical models based on physio- I., Zeng, B., Kume, K., Lee, C.C., van der Horst, G.T.J., Hastings,
logical data show that clock genes contribute important M.H., and Reppert, S.M. (2000). Science 288, 1013–1019.
circadian properties to the system, such as period, pre- Stokkan, K.A., Yamazaki, S., Tei, H., Sakaki, Y., and Menaker, M.
cision, and compensation (e.g., for different tempera- (2001). Science 291, 490–493.
tures or metabolic rates; Roenneberg and Merrow, Wagner, E., Deitzer, G.F., Fischer, S., Frosch, S., Kempf, O., and
Stroebele, L. (1975). Biosys. 7, 68–76.1999). Experiments in Neurospora crassa support this
scheme. In the absence of the critical clock gene fre- Wever, R. (1979). The Circadian System of Man (Berlin: Springer).
quency, circadian entrainment is achieved by tempera- Zheng, B., Albrecht, U., Kaasik, K., Sage, M., Lu, W., Vaishnav, S.,
Li, Q., Sun, Z.S., Eichele, G., Bradley, A., and Lee, C.C. (2001). Cellture but not by light cycles, leading to the conclusion
105, 683–694.that this clock component processes light signals, while
temperature entrains a timing system which has as-yet
not been described on the molecular level (Merrow et al.,
1999). Recent experiments suggest that plant circadian
systems are organized similarly (McWatters et al., 2000),
and it was postulated that mouse mper1 and mper2
modulate light input to the circadian clock (Albrecht et
al., 2001; Zheng et al., 2001). It is clear that the circadian
components discovered by molecular biologists are pin-
heads in a complex, metabolic system. The recent find-
ings highlighted here integrate rhythmic cellular pro-
cesses, specifically those that are regulated by redox,
into the circadian clock mechanism. Deletion mutants
can be used to distinguish between two possibilities. Is
the interdependence between the transcriptional/trans-
lational feedback loop and metabolism (via LDH and
NADH) essential for the generation of circadian rhyth-
micity or is it merely expanding the possibilities of the
clock to be entrained by various signals and to regulate
different output rhythms? In view of the general regula-
tory possibilities of redox within the cell, ranging from
transcription factors to enzyme activity, these findings
are of interest also to many noncircadian biologists.
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